[1] We present data from in situ measurements of the salinity evolution of young sea ice in the Arctic. The measurements were carried out with very high vertical and temporal resolution over the course of a few days until the ice had reached a thickness of around 20 cm. The measured bulk salinity profiles show that during ice growth, sea-ice salinity is continuous across the ice-ocean interface and that there is no instantaneous loss of salt at the advancing front. Measured salt fluxes emanating from the ice are as high as 90 g m À2 h À1 during the first few hours of new ice formation and are roughly half as large during later stages of the experiments. The bulk salinity within the ice decreases continuously with time from the ocean water salinity to a near-steady state value of around 4 parts per thousand (ppt). These results are interpreted with ideas from mushy layer theory using a Rayleigh number to analyze gravity drainage as the driving mechanism for the observed salt loss. In our experiments, gravity drainage occurs for a critical Rayleigh number of around 10, in close agreement with earlier theoretical and experimental studies.
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Introduction
[2] The bulk salinity of sea ice and its temperature determine the ratio of solid, pure ice to interstitial liquid brine, which are the two main components of sea ice. Since the liquid and solid phases have different properties, most small-and large-scale properties of sea ice depend strongly on their relative volume fraction and hence on bulk salinity. For example, the heat conductivity of sea ice with a high solid fraction is more than twice that of warm, salty sea ice with a low solid fraction. The heat capacity of sea ice changes by more than 2 orders of magnitude depending on liquid fraction [Schwerdtfeger, 1963; Ono, 1967] . Modeling the evolution of bulk salinity and solid fraction profiles realistically is hence important for a proper simulation of the impact of sea ice on the polar and global climate system, which was also underlined by the recent studies of Feltham et al. [2006] and Vancoppenolle et al. [2005] , for example. In addition to the impact of the bulk salinity field on the properties of the sea ice itself, the loss of salt from sea ice can cause significant changes in the underlying water masses and can trigger deep thermobaric convection [see, e.g., McPhee, 2000] .
[3] Despite the importance of the bulk salinity of sea ice, to our knowledge there exist no data sets of highresolution, in situ measurements of its evolution in natural sea ice, mostly for want of a technique that would lend itself to carry out such measurements in the field. Such measurements have, however, been carried out in laboratory experiments [e.g., Cox and Weeks, 1975; Shirtcliffe et al., 1991; Aussillous et al., 2006] . Here we present results from in situ measurements of bulk salinity and temperature profiles that were made in two experiments in very young sea ice in the Arctic. We have used a new instrument that is capable of such measurements , which we describe briefly in section 2. In section 3 we show the measured evolution of the salinity field. The results are discussed in section 4, focusing on the functioning of gravity drainage as the main physical mechanism leading to the loss of salt from sea ice during winter.
Instrumental Setup
[4] The instrument we used, which is described in detail by Notz et al. [2005] , consists of thin, horizontal, platinum wires, which are spanned in pairs with a horizontal spacing of 5 mm at each depth at which the solid fraction is to be measured. Our instrument consists of 14 such pairs, which are located between 0.5 and 17 cm below the ice surface with a vertical spacing of between 0.5 cm toward the top and 2 cm toward the bottom. The length of the wires and hence the horizontal distance over which sea-ice properties are averaged is 15 cm. By measuring the electrical impedance between the two wires of each pair, it is possible to calculate the average solid volume fraction f v of the sea ice along the wires, from which the solid mass fraction f m can be derived. The measurement relies on the fact that the pure solid ice is a very good insulator whereas the interstitial brine is a good conductor. Thermistors are mounted on the instrument at the levels of the wire pairs to measure the temperature profile in the ice. The salinity of the interstitial brine S br depends only on this temperature [e.g., Cox and Weeks, 1986] and can be combined with the measured solid mass fraction f m to give the bulk salinity profile of sea ice according to
Tests of the instrument under controlled laboratory conditions gave results in very good agreement with analytical and numerical predictions .
Measured Data
[5] In March 2005 we used this instrument to carry out two experiments to measure the evolution of the bulk salinity of growing natural sea ice in situ. The measurements took place on land-fast sea ice in Adventfjorden in Svalbard at roughly 78°N. Since the instrument must be deployed in open water, we cut a 1 Â 1 m hole into the relatively smooth, about 50-cm-thick land-fast ice that covered the fjord when we started our experiment. The instrument measured the salinity of the new ice as it formed in this hole over the course of a few days.
Experiment 1
[6] During the first experiment the weather was very stable, with cold air temperatures and little wind (Figure 1 ). The average air temperature during the 6-d-long duration of this experiment was À26.1°C, with a minimum value of À35.4°C and a maximum value of À17.5°C. Hence ice growth started very rapidly in the hole, and the full 17-cm measuring depth of our instrument was covered in ice after less than 4 d. Figure 2a shows the vertical profiles of solid fraction, and Figure 2b shows the bulk salinity for various times during this experiment. Apart from the last two profiles, for which the ice had grown farther than our instrument reached, all solid fraction profiles show zero solid fraction at the ice-ocean interface (Figure 2a) . From thermodynamic considerations it follows that the temperature field and hence the brine salinity field are continuous across the interface as well, which is also confirmed by the smoothness of the temporal traces of our temperature measurements that are shown in Figure 3 . It therefore follows from equation (1) that the bulk salinity directly at the interface must be equal to that of seawater (Figure 2b ).
[7] The salinity profiles all tend toward an almost uniform bulk salinity of around 4 ± 1 parts per thousand (ppt) throughout most of the upper parts of the ice, and there is no increase in salinity toward the top of the ice as is the case in the C-shaped salinity profile that is often measured in young sea ice [e.g., Nakawo and Sinha, 1981] . The reason for this lies most likely in the very calm initial growth conditions, as will be discussed in section 4.
[8] The salt loss at different levels in the ice as a function of time is shown in Figure 4 . The bulk salinity is shown at every other wire pair as measured by our instrument. Figure  4 shows clearly the relatively rapid but never instantaneous loss of salt from sea ice. During the rapid development of the initial very thin ice, most of the salt is lost within 24 h. In the slower-growing ice the desalination rate is much smaller, and it takes several days until the bulk salinities have dropped to a near -steady state value of below 5 ppt. Figure 5 shows the temporal evolution of the mean salinity of the full 17-cm-deep layer in which the instrument is measuring. The continuous measurement of the development of the mean bulk salinity of the sea ice is difficult in that no continuous ice thickness measurements are available. However, the total salt flux into the underlying ocean can be calculated from the slope of the mean salinity of the full 17-cm column that is shown in Figure 5 . After rapid desalination of about 90 g m À2 h À1 in the initial 24 h the desalination rate became much smaller (40 g m À2 h
À1
) and remained almost constant roughly until 80 h into the experiment. Afterward, no further assessment of the salt flux from the forming sea ice is possible, since it had grown across the instrument and the salt flux emanating from the sea ice growing below the instrument cannot be measured. These comparatively high salt fluxes were caused by the high ice growth rates, which were due to the cold air temperatures and the absence of any insulating snow on top of the ice. Such conditions can arise in nature during the initial refreezing of leads in the pack ice cover, for example.
[9] Despite the very low solid fraction close to the interface, which goes along with a relatively low heat conductivity, the temperature profiles that we measured are surprisingly linear throughout almost the full ice thickness (see Figure 6 ). The spacing of our thermistors is most likely too large to resolve the change in the temperature gradient that one would expect to go along with the change in heat conductivity. We have therefore used the time traces of temperature that are shown in Figure 3 for the determination of the onset of ice formation at a certain thermistor [cf. Wettlaufer et al., 2000] . Ice thicknesses derived in this way are in very good agreement with those derived from changes in the impedance of the wire pair at a certain depth. They are shown for the two experiments as a function of time since the start of the experiment in Figure 7 . The determination of the onset of ice formation at a wire pair is important because the impedance just before this time acts as the reference value from which solid fraction and hence bulk salinity are derived with our instrument. Note that the thermistors at 6.5 and 8 cm failed during the experiment, which is why no temperature data are available from these levels. For the calculation of the bulk salinity, the temperature profiles were interpolated with cubic fits at these levels.
[10] Between roughly hours 45 and 55 of the experiment, the surface temperature of the ice started to decrease significantly. This went along with an increase in ice growth rate, as can be seen from the deviation from the square root profile that roughly governs the early ice thickness evolution shown in Figure 7 . This episode also goes along with increasing desalination at all levels, as shown by the relatively sudden change in curvature around this time in Figures 4 and 5. Such changes in ice surface temperature might therefore be of relevance for the general evolution of sea-ice salinity. [11] Under-ice currents and tides might also have some impact [Feltham et al., 2002] . We note that a correction to those theoretical results [Neufeld et al., 2006] suggests that there is little or no direct influence of under-ice shear on the interior evolution of the mushy layer, but more recent results (J. Neufeld and J. S. Wettlaufer, private communication, 2006) show that under-ice shear in concert with buoyancy can significantly affect the onset of gravity drainage. However, we have no means to assess these effects given our data.
[12] It is also interesting to note that the bulk salinity at the uppermost wire pair (5 mm below the ice surface) seems to increase very slightly by 0.3 ppt from its minimum value until the end of the experiment. This increase might be caused by internal redistribution of brine within the sea ice caused by internal density changes (so-called brine expulsion) or by percolation of some of the thin high-salinity surface layer that had formed on top of the ice at the beginning of the experiment.
Experiment 2
[13] The second experiment was started on a very windy day, with maximum wind gusts of 18 m s À1 (Figure 1 ). Therefore the water in the hole that was used for the measurements was initially very well mixed, which led to frazil ice formation. Conditions were hence more comparable to new ice formation in the open ocean or a wind-driven polynya. The wind speeds decreased rapidly over the first 24 h, and the period with a well-mixed water column and frazil ice formation was very short. The mean air temperature during the 4-d-long duration of the second experiment was À20.2°C, with a maximum value of À14.1°C and a minimum value of À26.9°C.
[14] The early salinity profiles shown in Figure 8b show some resemblance to a C shape, which, however, is not present in the later cores. This initial C shape is probably caused by brine that is embedded between the initially formed frazil ice crystals. Since the period with high wind speeds was very short, the frazil ice layer was probably relatively thin (1 -2 cm) and the brine could drain very efficiently out of it once the ice had started to consolidate. This might not be the case if the frazil ice layer had become thicker before consolidation, as it does under open-ocean conditions.
[15] The temporal evolution of the bulk salinity at various depths is shown in Figure 9 . Because of the different initial growth conditions with lower growth rates (see Figure 7) , salt loss occurs generally more slowly than in the first experiment. It takes, for example, almost 48 h for the salinity of the uppermost wires to decrease to values below 5 ppt. As is apparent from Figure 5 , the salt flux in the second experiment is rather constant throughout the whole measurement period and lacks the initially fast desalination that was apparent in the first experiment. Its magnitude is about 40 g m À2 h À1 , comparable to that of the first experiment after the initial fast desalination.
Discussion
[16] In winter the temperature of sea ice generally decreases toward its surface. This temperature gradient goes along with a brine salinity gradient, because in order to maintain phase equilibrium the salinity of the interstitial Figure 7 . Evolution of the ice thickness as a function of time during both field experiments. The ice thickness was determined whenever the advancing front reached a wire pair. Figure 8 . Profiles of (a) the solid fraction and (b) the bulk salinity at different times during the second field experiment described in this paper. Research, 2008) to be the only mechanism by which significant amounts of salt are lost from sea ice during winter. The contribution of other processes that have previously been suggested is negligible: So-called brine expulsion caused by internal phase changes only leads to a redistribution of salt within the ice, since the downward velocity of the salt can be shown to be always less than the ice growth velocity at the interface. Diffusion of salt within the interconnected brine network and of individual brine pockets can be shown to be too slow to contribute significantly to the salt loss from sea ice, mostly because the gradient in the brine salinity is mostly governed by the temperature gradient, which is comparably weak in sea ice [see also Untersteiner, 1968] .
[17] The classical assumption that the bulk of the salt loss from sea ice occurs by salt rejection directly at the advancing ice-ocean interface can be ruled out both because of our measurements and because of theoretical considerations employing mushy layer theory: Such salt rejection would imply a jump in the salinity field across the ice-ocean interface, which cannot occur in growing sea ice since both the solid fraction and the temperature fields must be continuous across the advancing front [Worster, 2002; Notz, 2005] . This is also partly confirmed by our measurements. The impedance measurements show no sign of discontinuity when the ice-ocean interface passes the level of a wire pair and the corresponding thermistor. Here this interface is defined as the lowermost level at which the temperature lies more than 0.05°C below the far-field temperature. Given that the impedance of each wire pair is strongly controlled by the immediate surroundings of the individual wires, the impedance that we measure at that level is representative of the solid fraction at the ice-ocean interface on a millimeter scale in the vertical. On that scale we find continuity in solid fraction. Since it follows both from the smoothness of the temporal traces of the temperature evolution ( Figure 3 ) and from thermodynamical considerations that the temperature field and therefore the brine salinity are continuous across the interface as well, the bulk salinity field must also be continuous across the interface. We hence focus in the following on gravity drainage as the only process that can in our opinion explain the temporal evolution of the salinity field that was measured by our instrument.
[18] Such analysis can be carried out by employing the concept of a mush Rayleigh number Ra [Worster, 1992 [Worster, , 2000 Wettlaufer et al., 1997] , which describes the susceptibility of sea ice to gravity drainage. A local Rayleigh number can be written as
where hÀz is the distance between the ice-ocean interface at depth h and the level z in the ice, g is the acceleration due to gravity, r l bDS br,z is the difference between the density of seawater and that of brine at level z, k is thermal diffusivity, m is the dynamic viscosity of the liquid, and P(f v,max ) is the effective permeability of the ice as a function of the maximum solid volume fraction f v,max between the level z and the ice-ocean interface. The physical interpretation of this Rayleigh number is that convection can only occur if the driving buoyancy given by the brine density gradient expressed in the numerator is large enough to overcome dissipation as expressed by the denominator. This Rayleigh number is essentially a porous-medium Rayleigh number [Phillips, 1991] but is somewhat peculiar in that although the driving buoyancy is dominated by the gradient in brine salinity, the dissipation depends primarily on the thermal field. This is because the thermal field determines the brine salinity of the convecting brine. The direct impact of temperature on brine density is negligible compared to the impact of the brine salinity (see Worster [2000] and Notz [2005] for details). Whenever the value of this Rayleigh number exceeds a critical value Ra c , convection will start. The convection causes salty brine to drain out of the ice, which leads to a decrease in the overall bulk salinity and, according to equation (1), to an increase in solid fraction, which in turn lowers the value of Ra.
[19] For the functional dependence of P(f v ), we use the empirical relationship
that was found for young sea ice by Freitag [1999] . The functional form of this relationship is very similar to the theoretically derived Kozeny equation, according to which
/M 2 in a porous medium with capillaries made up of thin strips, where M is the total interstitial surface area of the pore space per unit volume [e.g., Bear, 1988] . The permeability of sea ice during summer that is calculated using this expression is comfortably within the range measured by Eicken et al. [2002] , indicating that equation (3) might also be a good approximation for the average permeability of older ice.
[20] Figure 10a shows Rayleigh number profiles calculated according to equations (2) and (3) for various times during the first experiment, taking the bulk salinity as constant at 35 ppt. In this case the permeability of the sea ice remains relatively high, and strongly supercritical Rayleigh numbers can develop, i.e., Rayleigh numbers above about 10. In such cases, convection would penetrate the whole layer of sea ice. In contrast, Figure 10b shows the Rayleigh number profiles that have actually developed during the first experiment calculated using the measured salinity evolution. In contrast to the fictive high-salinity case shown in Figure 10a , significant convection can only occur in the lowest part of the sea ice, since only there is Ra supercritical. The driving brine density difference from the ocean is higher the higher up one gets into the ice, but owing to the low salinity, the permeability in the top part of the ice is too low at later stages of the experiment to allow the Rayleigh number to be large enough for the convection to reach into these upper regions. We suggest this is why the salinity reaches a lower limit of around 3 -4 ppt, beyond which it does not decrease any further in our experiment. Quantitatively, it is interesting to note that the value of the maximum Rayleigh number remains rather constant throughout the experiment and lies in the range that has also been suggested by other theoretical and experimental studies, namely, at around 10 [e.g., Worster, 1992; Tait and Jaupart, 1992] . This indicates that Ra does not usually exceed Ra c significantly but that the change in the solid fraction that is caused by the convection lowers Ra such that it remains close to its critical value.
[21] In laboratory experiments a delay of the initial release of salt from newly forming sea ice has been found [Wettlaufer et al., 1997] . These experiments were carried out in closed tanks, where the cooling plate at the top of the tank was in direct contact with the salt water in the tank. In this way the surface temperature was fixed to a certain value, and the ice forming initially had a relatively low brine fraction because of its low temperature. Hence the Rayleigh number was below its critical value until the ice had reached a certain thickness and gravity drainage could set in. In the field experiments described in this paper, however, such delay in the initial salt release was all but absent. The reason for this is that the surface temperature in natural sea ice decreases only slowly after the initial ice formation (see Figure 7) , which is why the initially forming ice is relatively warm and hence permeable enough to allow for gravity drainage even at very low ice thickness. In another field study [Wettlaufer et al., 2000] , conditions were such that a delay in the onset of gravity drainage was inferred and was found to be consistent with measurements of salinity in the underlying water column.
[22] In our experiments the salinity near the ice surface is relatively low compared with previous studies in Arctic first-year sea ice, which often show a significant salinity increase toward the surface. This difference is probably caused by the fact that sea ice usually forms under rather turbulent conditions, with a relatively high bulk salinity of the initial frazil-seawater mixture. Once this slushy mixture consolidates, the vertical permeability of the forming granular ice, having predominantly vertical c axes, is most likely much lower than that in the columnar ice that forms under calm growth condition. The consolidated layer of lowpermeability ice might under natural conditions often be too thick for gravity drainage to lead to efficient desalination at all levels, which could explain the higher salinities that are often found in sea ice toward the surface. Laboratory experiments aiming to find useful parameterizations to describe the loss of salt from sea ice might therefore profit from being carried out in open tanks in which the surface temperature can adjust in a similar way as in the field and initial frazil ice formation can occur.
Conclusion
[23] In this paper we have presented results from in situ measurements of the bulk salinity evolution of natural sea ice. The measurements confirm that the salinity field is continuous across the ice-ocean interface and that salt loss is a continuous process that is driven by the brine density gradient that is usually present in the ice during winter. This brine density gradient can cause convectional overturning of brine, so-called gravity drainage, which can be examined by employing the concept of a mush Rayleigh number. Our measurements indicate that an actively convecting zone exists in the lowest few centimeters of natural sea ice, with a mush Rayleigh number remaining close to its critical value of around 10. If this observation were confirmed through further experimental and theoretical studies, it might guide the way to a dynamically based parameterization of salt loss from sea ice caused by gravity drainage. In this way the salinity evolution of sea ice could be modeled more realistically in large-scale models than is currently the case. With an expected increase in first-year sea-ice cover in the Arctic, understanding the initial desalination processes of sea ice might well have a significant large-scale impact.
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